This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. ABSTRACT High-energy delayed γ-ray spectroscopy is a potential technique for directly assaying spent fuel assemblies and achieving the safeguards goal of quantifying nuclear material inventories for spent fuel handling, interim storage, reprocessing facilities, repository sites, and final disposal. Requirements for the γ-ray detection system, up to ~6 MeV, can be summarized as follows: high efficiency at high γ-ray energies, high energy resolution, good linearity between γ-ray energy and output signal amplitude, ability to operate at very high count rates, and ease of use in industrial environments such as nuclear facilities.
Introduction
High-energy, beta-delayed γ-ray spectroscopy is a potential, non-destructive assay technique for the independent verification of declared quantities of special nuclear materials at key stages of the fuel cycle and for directly assaying nuclear material inventories for spent fuel handling, interim storage, reprocessing facilities, repository sites, and final disposal. Other potential applications include determination of MOX fuel composition, characterization of nuclear waste packages, and challenges in homeland security and arms control verification. Neutron induced fission generates a distribution of shortlived fission fragments with half-lives ranging from seconds to tens of minutes. Measured spectra contain unique actinide-specific signatures that can be exploited to nondestructively determine isotopic composition [1] [2] [3] [4] [5] [6] . The energy range of the useful delayed γ rays extends up to ~6 MeV, thus high-energy delayed γ-ray spectroscopy is needed. Requirements for the γ-ray detection system can be summarized as follows: high efficiency at high γ-ray energies, high energy resolution, good linearity between γ-ray energy and output signal amplitude, ability to operate in a very high count rate γ-ray field, and ease of use in industrial environments such as nuclear facilities. High Purity Germanium (HPGe) Detectors are the state of the art; however, an important limitation of HPGe detectors is the inability of a single-crystal detector to handle high count rates. Note that fully-burned spent-fuel assemblies produce over 10 15 γ-rays per second [7] , resulting in count rate capability being an important driving criterion among the requirements. Lanthanum Bromide (LaBr 3 ) scintillation detectors offer significantly higher count rate capability due to the fast decay time (16 ns) of the emitted light and they do not need a cooling system and long cooldown periods but have a significantly reduced energy resolution in comparison with HPGe detectors [8] [9] [10] . Thus LaBr 3 detectors may be an effective alternative when the high count rate capability outweighs the lower energy resolution.
LaBr 3 -based-spectrometer characterization Experimental set up
In the first research phase, the performance of a 2" (length) x 2" (diameter) LaBr 3 scintillation counter was evaluated at high γ-ray count rates as may be encountered in spent nuclear fuel applications. The measurement setup was optimized for high count rate studies. It included a negatively biased photomultiplier (PMT) (PM R6231-100 Hamamatsu with 8.5 ns rise time), to avoid additional long decay time constants and baseline shifts caused by a coupling capacitor. The PMT was coupled with a tapered active high-voltage divider [11] in order to preserve good photoelectron collection (for good resolution)
and gain linearity at high γ-ray energies and high count rates. [13] . The parameters for these filters were adjusted to minimize the duration of both fast and slow channel pulses since they directly affect pileup rejection and dead time performance. The nanoMCA has a slow shaper for spectroscopy and a fast shaper for pileup detection.
Both shapers are trapezoidal. For the fast shaper, the rise time and flat top durations were set both to 12.5 ns, which is the minimum that the MCA could be set to. The shaping times for the slow shaper were set to rise time of 250 ns, and flat top of 12.5 ns. Other important parameters include detection thresholds (for slow and fast channel), which were set manually at about 50% above the automatically detected noise level at low rates. Automatic threshold setting was disabled to avoid unknown behavior in high count rate conditions. Spectra were acquired at 16k channels.
Spectroscopy performance at high γ-ray input count rate.
As γ-ray sources for testing, we used a combination of 137 Cs and 232 Th sources. The use of 232 Th provided a way to investigate γ-ray energies up to 2614 keV using a sealed radioactive source [8] . To achieve higher energies would require producing materials activated by nuclear reaction with an accelerator [9] .
We used the dual source method to determine the dead time losses in the Th source had a fixed position relative to the detector, and therefore produced a constant count rate.
The spectroscopy parameters (FWHM, net peak area, peak position) were studied as function of the input count rate. We used the MCA's estimated input count rate as the reported value. At high count rates, MCAs may introduce count-rate bias due to imperfect dead-time correction. In order to assess the MCA's performance in these conditions, we directly measured the current from the PMT's anode, which is proportional to the charge produced by the detector in a given time, independent of the pileups. Therefore, as long as the PMT remains linear and the average energy distribution of the incoming γ-rays is constant, the current value is proportional to the γ-ray count rate. In our setup a Kiethley 6497 pico-ampere meter was used to measure the current from the PMT. Th is negligible, so the average energy distribution, that produced the detector current, is dominated by the 137 Cs γ-ray source.
The linear behavior exhibited is an indication of good dead-time correction in the nanoMCA for the input count rates studied. Thus in the following part of the paper when we refer to count rate we refer to estimated input count rate from the nanoMCA. At each count rate (data points in Fig.1 ) spectra were collected with dual source method, and spectroscopy characteristics extracted. Spectra were acquired for MCA live times of 200 s. For each spectrum, we extracted the variation in the net peak area of the 2614 keV γ-line from the The unity normalized net area of the 232 Th γ-line as a function of the background count rate is shown in It is worth mentioning that the setup used with 137 Cs and 232 Th for this experiment simulates the scenario in spent nuclear fuel (surrogate scenario) where the high passive γ-ray background is mainly due to 137 Cs, and its effect on the delayed γ-ray peaks, at energies of several MeV, must be understood to effectively perform delayed γ-ray spectroscopy of nuclear material.
Delayed γ-ray measurements on 235 U targets
Experimental measurements were conducted at the Idaho Accelerator Center (IAC), where a 2.8 g 235 U sample was irradiated with neutrons from a photo-neutron source. At the IAC, a pulsed radiofrequency linac accelerator was used to produce 21 MeV electrons at 90 Hz pulse rate. Using Figure 6 as a guide, accelerated electrons produced a bremsstrahlung spectrum by impinging on a 2.2 mm tungsten radiator.
Electrons that were not absorbed in the radiator struck a 5.08 cm thick aluminum beam stop immediately following the radiator. The high-energy photon beam traversed through a 15.2 cm thick Pb collimator with a 6.03 cm inner diameter that was inset in a large lead wall that shielded the fissile target from direct bremsstrahlung photons to prevent photofission. The bremsstrahlung beam then impinged on a 25.4 cm thick and 8.9 cm diameter beryllium cylinder located 58.8 cm from the bremsstrahlung radiator. This Be neutron converter was surrounded by a large amount of neutron moderating polyethylene, measuring ~57.8 cm wide by ~40.6 cm deep and ~60 cm tall. The 235 U target was located in a small cavity inside this moderator ~17.5 cm from the Be convertor, resulting in its irradiation by a moderated neutron spectrum. The LaBr 3 scintillation was located in a separate well-shielded experimental room, and the sample, after irradiation, was manually transferred to the detector. The detector was surrounded by 3.2 mm of Pb to filter out low energy γ-rays. Delayed γ-ray spectra were acquired for energies up to 6 MeV. For the delayed γ-ray measurements employing the LaBr 3 detector consist of (15/15 pattern) 15 minutes of neutron irradiation, followed by 15 minutes of γ-ray spectroscopic measurements. Transfer time for the nuclear material samples from the irradiation location to the measurement station was ~20 s. Delayed γ-ray spectra were acquired by repeating irradiation and spectrum collection 4 times and summing the spectra, which were corrected for any gain drifts. At the beginning of the 15 minutes measurement period count rate and dead time per each spectrum were on the order of ~1 Mcps and ~50% , respectively. Fig. 7 shows the 235 U delayed γ-ray spectrum in the energy range of 2 MeV to 6 MeV: the energy resolution of the LaBr 3 detector is sufficient to obtain a spectrum of useful γ-lines over the entire range of measurement. The γ-ray lines were identified using the evaluation library of T. R. England and D. F.
Rider [14] , now in ENDF/B-VII.1 [15] . Br are observed. While these highest-energy, discrete γ-lines have low yield [14, 15] , they are in a region with low background, and clear of interferences. It is worth noting here that the 15/15 pattern, i.e.
for a LaBr 3 detector system, as the detector features a very short light decay constant that enables the detector to work with short irradiation/measurement cycles. 
Conclusion
Results of the characterization of a LaBr 3 2"× 2" scintillation detector coupled to (1) a negatively biased PMT PM R6231-100 Hamamatsu, (2) a tapered active high voltage divider, and (3) the nanoMCA displayed excellent performance at high count rates up to 2.7 Mcps, for delayed γ-ray spectroscopy applications. Delayed γ-ray spectra from neutron interrogation of 235 U targets were acquired, and the analysis identified significant γ-ray lines from the 235 U fission products. The spectroscopy characterization at high count rates and the analysis of delayed γ-ray spectra of 235 U indicate that a LaBr 3 detector system could be a useful alternative to an HPGe detector for delayed γ-ray spectroscopy in applications, where the high count rate capability outweighs the lower-energy resolution.
